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Summary
 Our understanding of the linkages between plant diversity and soil carbon and nutrient
cycling is primarily derived from studies at the species level, while the importance and mecha-
nisms of diversity effects at the genotype level are poorly understood.
 Here we examine how genotypic diversity and identity, and associated variation in func-
tional traits, within a common grass species, Anthoxanthum odoratum, modified rhizodeposi-
tion, soil microbial activity and litter decomposition.
 Root litter quality was not significantly affected by plant genotypic diversity, but decompo-
sition was enhanced in soils with the legacy of higher genotypic diversity. Plant genotypic
diversity and identity modified rhizodeposition and associated microbial activity via two inde-
pendent pathways. Plant genotypic diversity enhanced soil functioning via positive effects on
variation in specific leaf area and total rhizodeposition. Genotype identity affected both rhi-
zodeposit quantity and quality, and these effects were mediated by differences in mean speci-
fic leaf area, shoot mass and plant height. Rhizodeposition was more strongly predicted by
aboveground than belowground traits, suggesting strong linkages between photosynthesis
and root exudation.
 Our study demonstrates that functional diversity and identity of plant genotypes modulates
belowground carbon supply and quality, representing an important but overlooked pathway
by which biodiversity affects ecosystem functioning.
Introduction
Biodiversity loss has been identified as a major threat to ecosys-
tem functioning and stability (Pfisterer & Schmid, 2002; Tilman
et al., 2006; Hooper et al., 2012). Plant species richness emerged
as an important driver of diversity within other trophic levels and
a range of ecosystem functions, including primary productivity
and soil carbon storage (Hooper et al., 2000; Hooper et al., 2005;
Lefcheck et al., 2015; Weisser et al., 2017; Huang et al., 2018).
However, the capacity of ecosystems to maintain functioning and
adapt to global change will also be underpinned by genetic and
functional diversity within plant populations (Jump & Penuelas,
2005; Hughes et al., 2008; Jump et al., 2009; Whitlock, 2014).
Despite their importance, mechanistic links between plant geno-
typic variation and ecosystem processes, particularly those related
to soil functioning, remain largely unexplored.
A range of global change factors can undermine plant genetic
and functional diversity. Habitat loss and fragmentation can lead
to reduced diversity within plant populations due to genetic drift
(Aguilar et al., 2008; Alsos et al., 2012). Other factors, such as
nitrogen deposition and land use intensification, may result in
nonrandom loss of diversity and directional selection for
genotypes with particular functional characteristics, though the
extent of such changes is poorly described (Davies & Snaydon,
1974; Voller et al., 2017). Building on current ecological theory
and empirical evidence, several predictions can be made as to
how changes in plant genotypic diversity and composition, and
associated variation in functional traits, might affect interactions
between plant individuals, and how these could cascade to affect
wider ecosystem processes, such as soil functioning. Lower geno-
typic diversity could translate into lower variation in traits related
to resource acquisition and consequently to higher niche overlap
between individuals and lower productivity at the population
level (Ennos, 1985; Crutsinger et al., 2006; Kotowska et al.,
2010; McArt & Thaler, 2013; Atwater & Callaway, 2015; Barot
et al., 2017). This in turn might affect soil functioning by reduc-
ing the total quantity of litter inputs. Low diversity stands also
provide a low diversity of chemical substrates for soil decomposer
communities, which might lead to lower levels of soil metabolic
activity compared with genetically diverse stands (Schweitzer
et al., 2005; Wang et al., 2014). On the other hand, dominance
of particular plant genotypes could select for specialised decom-
poser communities that are efficient in metabolising specific sub-
strates (Schweitzer et al., 2008; Madritch & Lindroth, 2011),
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Research
similar to the phenomenon known as home-field advantage in
studies comparing different plant species (Ayres et al., 2009;
Strickland et al., 2009).
In addition to a loss of complementarity in resource use within
and across trophic levels, genetic similarity between interacting
individuals can affect trait expression via phenotypic plasticity.
Several species have been shown to change their phenotype
depending on the genetic relatedness of interacting individuals (a
phenomenon known as kin recognition), which leads to a reduc-
tion in the expression of competitive traits when interacting with
closely related individuals and increased investment in defence
traits (Dudley et al., 2013; Karban et al., 2013; Semchenko et al.,
2014), as genetically homogeneous populations are highly sus-
ceptible to natural enemy attack (Zhu et al., 2000; Barbosa et al.,
2009; Jump et al., 2009; Tooker & Frank, 2012; McArt &
Thaler, 2013; Luo et al., 2016). As a result, plants in low diversity
stands may adopt a conservative growth strategy, accompanied by
poorly decomposable litter (Semchenko et al., 2017). It can
therefore be predicted that less diverse plant populations should
support lower microbial activity and slower litter decomposition.
While some predictions concerning the role of genotypic
diversity in driving primary productivity and cascading effects on
other trophic levels, such as herbivores and their predators, have
found empirical support, particularly for aboveground processes
(Crutsinger et al., 2006; Kotowska et al., 2010; Tooker & Frank,
2012), the role of root exudates in mediating plant diversity
effects on belowground ecosystem functions remains poorly
described both at the level of species and genotypes. This repre-
sents a major knowledge gap as plants release a substantial pro-
portion of photosynthetic carbon into the rhizosphere in the
form of a complex mixture of compounds known collectively as
root exudates or rhizodeposits (Hutsch et al., 2002; Haichar et al.,
2016). Recent studies suggest that root exudates represent a
major pathway by which plant species diversity enhances soil car-
bon storage via increased microbial activity (Lange et al., 2015;
Eisenhauer et al., 2017; Sokol et al., 2019). Root exudates also
vary in their chemical composition between plant functional
groups, species and genotypes, and can be modified by environ-
mental factors (Micallef et al., 2009; El Moujahid et al., 2017; de
Vries et al., 2019; Dietz et al., 2020; Williams et al., 2021).
Therefore, root exudate quantity and quality could represent an
important but unexplored mechanistic link between plant genetic
and functional diversity and soil functioning. It remains
unknown how root exudation patterns relate to plant biomass
accumulation, overall resource acquisition strategy or litter prop-
erties and if there is covariation in their effects on soil microbial
activity.
Here we examined how plant genotypic diversity and identity,
and associated variation in plant functional traits, affected root
litter decomposition, root exudation and soil microbial activity in
two experiments (Fig. 1). In the first experiment, we examined
the relative contribution of root litter properties and soil decom-
poser communities to mediating the effects of plant diversity on
litter decomposition rates. We used 20 genotypes of a widespread
grass species, Anthoxanthum odoratum, to examine the decompo-
sition of root litter produced by genotypic monocultures and
mixtures in soils with legacies of different plant diversity. We
found that root litter quality was not affected by plant diversity,
but litter decomposition was enhanced in soils with a legacy of
high plant genotypic diversity. We therefore hypothesized that
plant genotypic diversity enhanced microbial activity via
enhanced root exudation or a more diverse array of microbial
substrates provided by root exudates. To test this hypothesis,
genotypic monocultures and mixtures of A. odoratum were grown
in sterilised gravel, root rhizodeposits were collected, and their
effect on microbial activity was quantified using microbial respi-
ration assays. Furthermore, we measured a number of above- and
belowground functional traits to test the hypothesis that higher
functional trait variation and shifts in resource-acquisitive traits
in genotypic mixtures compared with monocultures lead to




Twenty genotypes of Anthoxanthum odoratum L. were collected
from the Park Grass Continuous Hay Experiment at Rothamsted
Research (Harpenden, UK), which started in 1856 (Silvertown
et al., 2006; Macdonald et al., 2018). Anthoxanthum odoratum is
native to the site and is a common species in Eurasian grasslands
(Hulten & Fries, 1986). The plants were collected from two con-
trol, unfertilised plots and two plots that were fertilised with
96 kg N, 36 kg P, 225 kg of K, 15 kg Na, and 10 kgMg ha–1 yr–1
since 1856. Ground chalk was applied every third or fourth year
since 1965 to maintain a soil pH of about 7. Five genotypes were
collected randomly from each of the four plots to obtain a diverse
range of phenotypes that occur in this grassland. The unique
genetic identity of each collected plant was ensured by sampling
individuals that were at least 1 m apart – A. odoratum produces
compact plants that do not spread clonally to such distances, and
the species is self-incompatible, meaning that all seedlings are
genetically distinct (Freeland et al., 2010; Klimesova et al., 2017).
The genotypes were propagated clonally in a glasshouse for 5
months before experimentation began. To initiate the experi-
ments, the plants were separated into individual ramets (compris-
ing a single shoot with independent roots) that were cleared of
soil and placed in tap water for 48 h before transplantation.
Experimental setup
Expt 1: Reciprocal litter decomposition experiment Soil condi-
tioning and litter collection. Eighty pots (diameter 15 cm,
height 13 cm) were filled with 4.1 kg of sandy loam soil (pH 7.2,
N% 0.1, C% 2.2, plant available N 5.6 lg g1 dry soil) per pot.
Plants were grown in groups of four individuals per pot either as
genotypic monocultures or as genotypic mixtures with each indi-
vidual within a pot represented by a different genotype (Fig. 1).
Twenty unique genotypic mixtures were created in total by ran-
domly selecting from the 20-genotype pool, with each genotype
represented equally within the pool. Each genotypic monoculture
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and mixture was replicated twice, resulting in a total of 80 pots.
After transplantation, each pot received 80 ml of soil inoculum to
provide plants with microbial communities from their home site.
Soil inoculum was made by mixing 1 kg of soil (a mixture of soil
samples collected from grassland in the immediate vicinity of the
Park Grass experimental plots) in 4 l of water. The pots were
placed in a glasshouse under a 20°C : 18°C, day : night tempera-
ture regime and ambient light conditions, with a supplementary
16 h of artificial lighting at 150 lmol m2 s1. The spatial posi-
tioning of pots was randomised. All of the pots were maintained
at 70% water holding capacity (WHC) for 8 wk. One replicate of
each genotypic monoculture and mixture was then subjected to
an 18-d drought treatment (20% WHC), followed by 2 wk of
recovery at 70% WHC.
All plants were harvested after a total of 88 d of growth. Plant
roots were removed from soil and dried at 40°C until they
reached a constant weight. A subsample of fresh roots was
scanned, and root length and volume were determined using
WINRHIZO software (Regent Instruments, Quebec City, QC,
Canada). Specific root length was calculated as total root length
divided by root dry mass. Root tissue density (RTD) was calcu-
lated at root dry mass divided by root volume. Subsamples of
dried root litter were ground and analysed for total C and N con-
centrations on an Elementar Vario EL elemental analyser
(Hanau, Germany). Fresh soil samples were extracted with 1M
KCl and 0.5M K2SO4 and analysed for NH4, NO3, and total N
on a Seal AA3 Segmented Flow Multi-chemistry analyser
(Mequon, WI, USA). Additional soil samples were fumigated
with excess CHCl3 under vacuum for 48 h and extracted with
0.5M K2SO4; total N was measured as above, and total C of
unfumigated and fumigated samples was measured on a Shi-
madzu 5000A total organic carbon (TOC) analyser (Asia Pacific,
Kyoto, Japan). The difference in total C and N between fumi-
gated and unfumigated samples was used to calculate microbial
biomass C and N as described previously (Brookes et al., 1985;
Sparling et al., 1990). After root extraction, soil was returned
back to the pots, placed outdoors, and watered regularly for 3
months.
Litter decomposition. Harvested roots and soil from the condi-
tioning phase were used to examine root litter decomposition
under three sets of conditions: (1) litter–soil match – different
root litters were placed back into the soil they were produced in;
(2) mixed litter – homogenised litter from all plants was placed
into 80 pots of soil conditioned by genotypic monocultures and
mixtures; (3) mixed soil – 80 root litters produced by genotypic
monocultures and mixtures were placed into the homogenised
soil from all pots in the conditioning phase (Fig. 1). Each pot
(size 9 9 9 9 10 cm) was filled with soil from the conditioning






Fig. 1 (a) Experimental design. Twenty genotypes of Anthoxanthum odoratumwere grown as monocultures of a single genotype or random mixtures of
four genotypes. In Expt 1, root litter and soil were collected after 3 months of growth and subjected to a combination of genotypic diversity and litter–soil
treatments. In the litter–soil match treatment, root litters were placed back into the soil they were produced in. In the mixed soil treatment, root litter
produced by the genotypic monocultures or mixtures was placed into homogenised soil collected from all pots (shown in grey). In the mixed litter
treatment, root litter collected from all pots was homogenised (shown in grey) and placed into soil previously occupied by either genotypic monocultures or
mixtures. In Expt 2, plants were grown in sterilised granite gravel for 6 wk and root rhizodeposits were collected in water solution over 2 wk, followed by
measurements of above- and belowground plant functional traits. Rhizodeposits collected from genotypic monocultures and mixtures, as well as artificial
mixtures of rhizodeposits collected from monocultures, were applied to homogenised soil from the field and soil microbial respiration was measured.
Microbial activity was related to the quantity and quality of rhizodeposits and plant functional trait variation. (b) A genotypic monoculture from Expt 1.
(c) Specialised pot with a sloping bottom and a tube to aid rhizodeposit collection (foil cover removed to expose gravel and roots inside). (d, e) A genotypic
monoculture (d) and mixture (e) from Expt 2 at harvest.
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polyester litterbags (mesh size 1 mm). Each empty litterbag was
weighed and 0.15 g of dry root litter was placed into each bag.
Seventy-eight litterbags were prepared for the litter–soil match
treatment and 67 litterbags were prepared for the mixed soil
treatment due to the fact that an insufficient quantity of litter was
collected from some of the 80 pots in the conditioning stage. In
the mixed litter treatment, all remaining litter was thoroughly
mixed before being divided between 80 litterbags. This resulted
in a total of 226 litterbags and pots divided between three experi-
ments. The litterbags were rehydrated overnight, placed at 2 cm
depth from the soil surface, and incubated in a dark room at
18 5°C with a soil moisture of 70% WHC. The spatial posi-
tion of the pots was randomised. After 8 wk of incubation, lit-
terbags were carefully removed from the soil, rinsed with tap
water to remove soil particles, and dried at 40°C until a constant
weight was achieved, and the weight was recorded.
Data analysis. A linear mixed model was used to test the effects
of genotypic diversity (two levels: monoculture or mixture),
litter-soil treatment (three levels: litter–soil match, mixed soil,
mixed litter) and their interaction on the proportion of litter that
was decomposed after 8 wk of incubation. Drought treatment
was not included in the analysis as it was not of primary interest
in this study and did not significantly modify the effects of diver-
sity and litter–soil treatments on decomposition. Genotypic com-
position at the conditioning stage (20 monocultures and 20
mixtures, each replicated twice) was included in the model as a
random factor. Three planned post-hoc comparisons were per-
formed to test for the effect of genotypic diversity on (1) the
capacity of soil microbial communities to decompose ‘home’ lit-
ter (diversity effect within the litter–soil match treatment) or (2)
homogenized litter (diversity effect within the mixed litter treat-
ment), and (3) the effect of genotypic diversity on root litter
quality (diversity effect within the mixed soil treatment). In addi-
tion, linear models were used to test for the effects of genotypic
diversity on litter and soil properties, and the effects of soil and
litter properties on the rate of litter decomposition (genotypic
composition included as a random factor). All models were
checked for normality and homogeneity of variances, and vari-
ables were loge-transformed when necessary. Further, the net bio-
diversity effect on plant productivity was calculated as the
difference between the observed total dry mass produced by each
genotypic mixture and the expected value based on the produc-
tivity of constituent genotypes in monocultures (Loreau & Hec-
tor, 2001), and its deviation from zero was tested with a t-test.
Expt 2: Root rhizodeposition Rhizodeposit collection. Twenty
unique genotypic monocultures were established by planting four
individuals of each genotype per pot, and 20 genotypic mixtures
were assembled by planting random mixtures of four genotypes
per pot with the condition that each genotype was represented in
four mixture pots, ensuring equal representation of each genotype
in each treatment. The pots (300 ml volume) had a slanting bot-
tom equipped with a tube for exudate collection and were filled
with 490 g of washed and autoclaved granite gravel. The sides of
the pots were covered in foil to exclude light and were placed in a
growth chamber set to maintain a temperature of 22°C, a mean
light intensity of 230 µmol m2 s1 and a 16 h : 8 h, light : dark
photoperiod. The pots were placed in a random configuration in
the growth chamber and were re-randomised weekly. For the first
4 wk, 125 ml of a 0.25% fertiliser solution (6% N, 1.3% P, 5%
K, 0.002% Cu, 0.03% Fe, 0.01% Mn, 0.001% Mo, 0.002% Zn;
ScottsMiracle-Gro, Marysville, OH, USA) was added weekly to
each pot. In week 5, the concentration of fertiliser solution was
increased to 0.75%, and the amount of fertilised solution was
raised to 150 ml wk–1 from week 6, to accommodate the growing
demand of the plants for nutrients and water.
Rhizodeposits were collected on three occasions in weeks 7
and 8. Three days before each collection event, fertilizer solution
was removed from pots using a 60 ml syringe attached to the tube
at the bottom of the pots. A further 100 ml of Milli-Q water was
flushed through the pot to remove fertilizer residues. The pots
received 75 ml of Milli-Q water before the first collection and
150 ml of Milli-Q water before the second and third collections
(half immediately after the removal of the fertilizer solution and
half 24 h before the collection). At each collection event, all liq-
uid was removed from the pots using the syringe, and additional
Milli-Q water was added to pots if necessary to achieve the total
of 66 ml of exudate solution for each pot. The exudate solution
was sterilized immediately after collection with a syringe filter
(pore size 0.22 lm); 26 ml of the solution was used to determine
total organic carbon concentrations (TOC-L analyser; Shimadzu,
Kyoto, Japan) and 40 ml was frozen at  80°C and freeze-dried.
Though the experiment was initiated under sterile conditions,
the microcosms were likely colonised by microorganisms by the
end of the experiment. Given the fast microbial turnover of root
exudates and other plant material such as border cells and
mucilage, rhizodeposits in our study likely contain root exudates
as well as microbially processed compounds. To reflect the
diverse origin of collected compounds, we refer to these as rhi-
zodeposits, rather than root exudates (Oburger & Jones, 2018).
Plant trait measurements. Plants were harvested after 8 wk of
growth, following the final root rhizodeposit collection. Shoots
of each individual were harvested separately and their height was
determined before the harvest. A sample of leaves (four fully
expanded leaf blades, with the tapering tip and base removed to
result in rectangular samples) and roots (two representative axes
with all lateral branches, on average 8 mg dry mass) was taken
from each individual for morphological measurements. Leaf area
was determined by multiplying the width and length of each leaf
sample. Root samples were scanned using an Epson Expression
11000XL scanner (Epson, Tokyo, Japan). Root length, diameter
and volume were determined using WINRHIZO software. All
plant material was dried at 40°C until it reached a constant mass.
SRL and RTD were calculated as described in Expt 1. Specific
leaf area (SLA) was calculated as leaf area divided by leaf dry
mass.
Soil microbial respiration. To measure how rhizodeposits
produced by genotypic mixtures and monocultures affect soil
microbial activity, microbial respiration was measured using a
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MicroResp system (The James Hutton Institute, Dundee, UK)
described in (Campbell et al., 2003). Soil collected from the Park
Grass Experiment was sieved with a 2-mm sieve and distributed
evenly between six 96-well microplates (0.24–0.29 g dry soil per
well). In each of the plates, one 8-well row received Milli-Q water
as a negative control, and another received a glucose solution
(7.958 g l1) as a positive control (Supporting Information
Fig. S1). The other 60 rows from the six plates received 25 µl per
well of rhizodeposit solution collected from the 40 original plant
pots and a further 20 artificial rhizodeposit mixtures that were
prepared to match genotypic mixture pots by mixing, in equal
proportions, rhizodeposits collected from four corresponding
genotypes grown in monocultures. The position of control and
rhizodeposit samples in microplates was randomised (Fig. S1).
Rhizodeposit solutions were prepared by re-suspending freeze-
dried rhizodeposits (a total of 120 ml per pot) into 4.5 ml of
Milli-Q water. The plates with soil were sealed with detection
microplates containing gel with a pH indicator dye, cresol red,
which changes in colour as CO2 is released from the soil. For col-
orimetric detection of CO2 production, the detection plates were
measured before and after 6 h of incubation in the dark at 18°C
using an EZ Read 400 Microplate Reader (Biochrom, Cam-
bridge, UK) set to 570 nm. The CO2 production rate (µg CO2–
C g1 h1) rate was calculated following the method described
by Campbell et al. (2003). Induced microbial respiration per unit
of added carbon in the rhizodeposits was calculated by subtract-
ing soil respiration measured in the water control from total res-
piration and dividing by the quantity of organic carbon added to
each well in the form of rhizodeposits. This measure reflects the
quality of root rhizodeposits, with higher induced respiration
indicating more easily degradable rhizodeposits for microbial
communities.
Data analysis. The effect of genotypic diversity on the total
organic carbon content in rhizodeposits, soil microbial respira-
tion, induced respiration per unit of added carbon, plant biomass
production and functional trait means and coefficient of variation
within a pot was tested using linear models. Net biodiversity
effect was calculated for each genotypic mixture as described in
Expt 1, and its deviation from zero was tested with a t-test. Linear
models were also used to test for the effects of trait means and
coefficients of variation on total organic carbon content in rhi-
zodeposits, soil microbial respiration and induced respiration per
unit of added carbon. Variables were checked for normality and
homogeneity of variances and loge-transformed as necessary. Path
analysis was used to test how genotypic diversity and functional
trait variation jointly affected soil microbial respiration (Fig. S2).
The path model was constructed based on knowledge that inter-
actions between different plant genotypes can affect trait expres-
sion (Dudley et al., 2013; Karban et al., 2013; Semchenko et al.,
2014) and increase variation in trait values within plant groups
(pots), which may in turn affect soil microbial respiration via
changes in either root exudate quantity or quality (Lange et al.,
2015; Steinauer et al., 2016; El Moujahid et al., 2017; Williams
et al., 2021). Root exudate quantity was represented in the model
as the total organic carbon contained in rhizodeposits. Root
exudate quality will affect soil respiration by modifying respira-
tion per unit of carbon received in the form of exudates by micro-
bial communities. Exudate quality may change as a function of
chemical composition, such as the abundance of easily biodegrad-
able sugars, as well as the chemical diversity of compounds
exuded by different plant genotypes, which are difficult to disen-
tangle (Wetzel & Whitehead, 2020). In this study, we did not
assess the different aspects of exudate quality but used induced
respiration per unit of carbon applied to soil as a proxy for overall
quality. Path analysis included all trait means and coefficients of
variation that showed significant univariate relationships with
genotypic diversity, total organic carbon in rhizodeposits, soil
microbial respiration and induced respiration. As total dry mass
per pot and mean shoot mass were strongly correlated (Fig. S3),
only shoot mass was included in the path analysis as a variable
with stronger links to soil respiration. Most traits were not
strongly correlated (Fig. S3); all pairwise correlations between
traits were included in the model as covariances. The model was
simplified by sequential dropping of nonsignificant links (v2 test,
P > 0.05; Table S1).
In the absence of random variation/noise, total respiration
should be completely explained by rhizodeposit quantity (total
organic carbon released as rhizodeposits) and quality (induced
respiration). Therefore, total respiration and exudate quantity
and quality are mathematically linked but were included in the
path model to assess the relative contributions of the two paths
(quantity and quality of rhizodeposits) to total microbial respira-
tion. We performed an alternative model run with the link
between total respiration and induced respiration removed, and
it had very minor effects on the estimates of other paths in the
model. However, the removal of the link dramatically reduced
model fit; hence, the link was retained in the model.
The total amounts of rhizodeposit carbon collected from geno-
typic mixtures, and the associated variance values, were compared
to the expected values based on monoculture data. Soil respira-
tion was compared between rhizodeposits from genotypic mix-
tures and artificial mixtures assembled from rhizodeposits
collected from corresponding genotypic monocultures using a
linear mixed model with genotypic composition as a random fac-
tor.
All data were checked for normality and homogeneity of vari-
ances, and variables were loge-transformed or, when necessary,
nonparametric tests were used. Data analyses were performed
using R v.3.6.3 (R Core Team, 2020). Mixed models were anal-
ysed using packages LME4 (Bates et al., 2015) and CAR (Fox &




Root litter produced by genotypic monocultures and mixtures
decomposed at similar rates in homogenised soil (a mixture of
soil from all pots; z = 0.53, P = 0.934), while homogenised litter
(a mixture of litter from all pots) showed significantly faster
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decomposition in soil previously occupied by genotypic mixtures
than by stands of a single genotype (z = 2.46, P = 0.041;
Fig. 2). Decomposition was significantly enhanced when soils
conditioned by genotypic monocultures were matched with their
‘home’ litter compared to the mixed litter treatment (P = 0.012,
Tukey test), while decomposition was unaffected by litter origin
in soil conditioned by genotypic mixtures (P = 0.992, Tukey
test). As a result, decomposition rates did not significantly differ
between genotypic monocultures and mixtures when litter and
soil origins were matched (z = 1.36, P = 0.434; Fig. 2).
Genotypic diversity did not significantly affect the total
biomass of plants that were used to condition the soil and provide
root litter for this experiment (F1,38 = 0.5, P = 0.463), and no sig-
nificant net biodiversity effect was detected on biomass produc-
tion, though there was a trend towards higher biomass
production in mixtures than was expected based on monoculture
productivity (on average a 9% increase, t = 1.84, df = 39,
P = 0.073; Fig. S4a). Litter decomposition was significantly
enhanced by litter nitrogen (N) and decreased as carbon to nitro-
gen (C : N) ratio increased but, in agreement with the lack of an
effect of litter origin on decomposition, these litter properties
were not significantly affected by plant genotypic diversity
(Table S2). Decomposition was not affected by soil inorganic N
availability or microbial biomass N and C, except for a
marginally nonsignificant positive effect of microbial N on
decomposition in the litter–soil match treatment (Table S2).
Rhizodeposition and soil microbial activity
Most of the measured traits varied at least two-fold between pots
occupied by plants of different genetic compositions (Table S3).
Genotypic diversity treatment did not cause significant changes
in mean values of any measured plant trait (Table S4, P > 0.05),
nor was there a significant net biodiversity effect on productivity
(t-test, t =  0.51, df = 19, P = 0.615; Fig. S4b). Genotypic
diversity significantly increased variation in aboveground traits
(specific leaf area and plant height, Fig. S5) but did not affect
variation in root traits (Table S4). The mean amount of carbon
released as rhizodeposits was 22% larger in genotypic mixtures
than monocultures, but the increase in exudation was marginally
nonsignificant as exudation rates varied widely among genotypes
(F1,38 = 3.7, P = 0.061; Fig. S4). Carbon rhizodeposition in
genotypic mixtures was also on average 18% higher than
expected based on rhizodeposition of constituent genotypes in
monoculture conditions (paired t-test, t =  1.81, df = 19,
P = 0.086; Fig. S4c). The effect of genotypic diversity on rhizode-
position varied between genotypes such that the variance in rhi-
zodeposition was significantly higher in mixtures than expected
based on monoculture data (Levene’s test, F1,38 = 7.0, P = 0.012;
Fig. S4c). Soil microbial respiration was on average 31% higher
when treated with rhizodeposits compared to the water control
(F1,39 = 18.9, P < 0.001), but was not significantly affected by the
genotypic diversity treatment (Table S4). Induced respiration per
unit of carbon applied as rhizodeposits was not significantly dif-
ferent between rhizodeposits collected from genotypic mixtures
and corresponding artificial mixtures assembled from rhizode-
posits exuded by genotypic monocultures (F1,19 = 0.07,
P = 0.792).
Mean plant shoot mass, height and specific leaf area explained
a significant proportion of variation in the total amount of root
rhizodeposition and soil microbial respiration induced by the
application of rhizodeposits (Table S5). Root traits did not show
any significant effects on rhizodeposition or microbial respiration
(Table S5). Path analysis revealed multiple, largely independent
pathways by which plant functional traits affected soil microbial
activity (Fig. 3; path analysis model fit v2 = 9.1, P = 0.824, com-
parative fit index (CFI) = 1.00, standardized root mean square
residual (SRMR) = 0.066, Table S1). Rhizodeposition quantity
increased with decreasing mean specific leaf area, independent of
genotypic diversity of plant assemblages (Fig. 4a). Higher varia-
tion in specific leaf area among plants within a pot was associated
with higher levels of rhizodeposition (Fig. 4b) and represented
the only pathway by which plant genotypic diversity affected soil
microbial activity (Fig. 3). The quality of root exudates, reflected
in the degree of soil respiration per unit of added C, was signifi-
cantly affected by plant shoot mass and plant height, with larger
and taller genotypes producing rhizodeposits that were more
readily metabolised and respired by microbial communities
(Fig. 4c,d). The quantity and quality of rhizodeposition




































Fig. 2 Decomposition of root litter produced by genotypic monocultures
and four-genotype mixtures of Anthoxanthum odoratum in homogenised
soil (mixed soil), of homogenised litter in soil either conditioned by
genotypic monocultures or mixtures (mixed litter), and of litter produced
by genotypic monocultures or mixtures placed back in the corresponding
soil (litter–soil match). The green bars and yellow bars represent soil
conditioned by plant genotypic monocultures and mixtures, respectively;
the grey bars represent homogenised soil from all monocultures and
mixtures. Hatched bars represent treatments with litter collected from
either monocultures or mixtures; cross-hatched bars indicate the addition
of homogenised litter from all monocultures and mixtures. Means  SE are
shown (*, P < 0.05; ns, P > 0.05; based on a z-test corrected for multiple
comparisons; n = 226).
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The role of genetic and functional variation within plant species
in driving ecosystem processes is poorly understood, particularly
when considering belowground processes. Here we performed a
mechanistic study to ascertain the main pathways by which plant
genotype and its functional characteristics control soil microbial
activity. We found that root rhizodeposition, rather than root lit-
ter properties, was the main driver of change in soil biological
activity as a function of plant genotypic diversity. Our results also
highlight the importance of functional variation within plant
species for maintaining soil functioning and identify root exuda-
tion as the main pathway by which variation in plant functional
traits translates into changes in soil microbial activity. Lastly, we
found that soil microbial activity was best predicted from above-
ground plant traits, indicating strong integration between the
aboveground process of photosynthesis and the utilisation of car-
bon below ground.
In this study, higher plant genotypic diversity was associated
with faster root litter decomposition. Contrary to the findings of
previous studies that attributed faster decomposition of mixed lit-
ter to higher litter quality or chemical diversity (Vos et al., 2013;
Handa et al., 2014; El Moujahid et al., 2017; Semchenko et al.,
2017), we found that root litter quality was not significantly
affected by plant genotypic diversity, and faster decomposition
rates were related to a legacy effect on soil biotic communities, as
soils previously occupied by genetically diverse plant groups
enhanced the decomposition of a standard litter (Fig. 2). By con-
trast, root litter produced by genotypic monocultures and mix-
tures showed similar decomposition rates when placed in
homogenised soil. It is therefore likely that plant diversity modi-
fied soil microbial communities and their metabolic capacity via
changes in root exudation. Higher root exudation or improved
access to exudates have been hypothesised as a primary
mechanism by which plant species richness enhances microbial
activity and soil carbon storage (Lange et al., 2015; Mellado-
Vazquez et al., 2016; Steinauer et al., 2016; Eisenhauer et al.,
2017). These studies found that higher plant species richness and
root exudation increased microbial biomass and the relative
abundances of mycorrhizal fungi and root-associated bacteria.
Our results suggest that soil functioning can also be significantly
affected by diversity within plant species and associated changes
in root exudation. Further studies are needed to uncover how
changes in plant genotypic diversity and root exudation affect
microbial community composition and diversity.
In a second experiment (Expt 2), we focussed on the effects of
plant genotypic diversity on root rhizodeposition and found sup-
port for the hypothesis that plant diversity enhances soil micro-
bial activity via changes in root exudation. The total amount of
carbon released into the rhizosphere by genotypic mixtures was
significantly higher and more variable than that expected based
on the rhizodeposition rates in genotypic monocultures (Fig. S4).
This indicates that interactions between plant genotypes resulted
in complementary resource use or changes in the relative abun-
dance of different genotypes favouring overall higher but also
more variable carbon release. The analysis of functional trait vari-
ation showed that higher rhizodeposition rates were related to
higher variation in specific leaf area among individuals (Fig. 3).
Differentiation in specific leaf area has also been identified as a
mechanism underlying complementarity effects on biomass pro-
duction as well as increased ecosystem multifunctionality in stud-
ies manipulating species richness (Zuppinger-Dingley et al.,
2014; Gross et al., 2017; Huang et al., 2018). However, contrary
to the findings of previous studies highlighting the importance of
plant species diversity in generating chemical substrate diversity
and complementarity between microbial consumers (Steinauer
et al., 2016; El Moujahid et al., 2017; Wetzel & Whitehead,































Fig. 3 Path analysis of variables influencing root rhizodeposition in Anthoxanthum odoratum and associated soil microbial activity. Red arrows indicate
positive and blue arrows negative relationships. Solid arrows indicate significant relationships (P < 0.05) and dashed arrows indicate marginally
nonsignificant relationships (P < 0.1). Standardised path coefficients are shown. All tests are based on n = 40. Rhizodeposition quantity refers to the total
organic carbon released by roots per pot. Rhizodeposition quality was assessed indirectly as the induced microbial respiration per unit of carbon applied to
soil in the form of rhizodeposits.
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by the total amount of carbon released into the rhizosphere,
rather than changes in the quality of root exudates (Fig. 3). How-
ever, we only assessed the efficiency of microbial respiration per
unit of received carbon as an indicator of root exudate quality,
and a more detailed assessment of exudate chemical composition
could uncover further links between plant genetic diversity and
root exudation.
We found that soil biotic communities occupying the rhizo-
sphere of genotypic monocultures were more efficient at decom-
posing litter produced by the same plant genotype than mixed-
genotype litter (Fig. 2). This phenomenon has been extensively
studied at the species level and is known as home-field advantage
(Ayres et al., 2009; Veen et al., 2015). Our study demonstrates
that home-field advantage can operate at the level of plant geno-
types, and its occurrence may explain variation in the effects of
plant diversity on soil functioning. Therefore, while higher plant
diversity may enhance decomposition through higher litter and
exudate chemical diversity (Meier & Bowman, 2008; Vos et al.,
2013; Steinauer et al., 2016), nutrient and carbon cycling in
genetically homogeneous stands can be maintained by highly effi-
cient, specialised decomposer communities (Grossman et al.,
2020).
Plant genotypic composition and associated functional charac-
teristics had a stronger control than genotypic diversity on rhi-
zodeposition. This finding resonates with recent studies
highlighting the importance of plant functional composition,
rather than taxonomic diversity, as a major driver of ecosystem
processes (Meier & Bowman, 2008; Crutsinger et al., 2009; Fine-
gan et al., 2015; Souza et al., 2017; Steinauer et al., 2017; Adair
et al., 2018; Valencia et al., 2020). This emerging trend high-
lights the need to not only understand the consequences of global
change for biodiversity but also to assess directional selection for
genotypes with particular functional characteristics. We found
that genotypes possessing lower specific leaf area released more
carbon into the rhizosphere, while genotypes with taller and
larger shoots released compounds that were more readily
metabolised by soil microbial communities (Figs 3, 4). Specific
leaf area and plant height describe two major axes of variation in
plant form and function across species, with low specific leaf area
indicative of species investing in tissue longevity and high specific
leaf area reflecting high carbon fixation rates but short tissue lifes-
pan (Wright et al., 2004; Diaz et al., 2016). Contrary to the
expected positive relationship between photosynthetic capacity
and rhizodeposition (Henneron et al., 2020), we detected the
highest exudation rates in genotypes with the lowest specific leaf
area and presumably low rates of carbon fixation. Though the
underlying mechanisms are still poorly understood, the weaken-
ing or reversal of trait relationships, including the relationship
between specific leaf area and resource acquisition strategy, has
been reported when examining intraspecific as opposed to inter-
specific variation (Grady et al., 2013; Anderegg et al., 2018). The
observed pattern may also relate to the observation that plants
occupying harsh environments, and usually characterised by low
specific leaf area (Pierce et al., 2013), form strong mutualisms
with soil microorganisms (Rodriguez et al., 2008; Johnson et al.,
2010; Hempel et al., 2013; Remke et al., 2021). This is particu-
larly evident for endophytic symbioses, but our findings suggest
that genotypes with more conservative growth strategies may also
invest relatively more carbon in stimulating free-living microor-
ganisms via root exudation. However, this study is based on a sin-
gle population, and further research including simultaneous
measurements of photosynthetic rates and exudation in a range



























































































































































Fig. 4 Contribution of Anthoxanthum odoratum traits to explaining variation in rhizodeposition quantity (a, b) and quality (c, d) and associated variation in
soil microbial respiration (e, f). Partial regressions are shown for the relationship between total rhizodeposition of organic carbon and mean specific leaf
area (a) and coefficient of variation in specific leaf area within each pot (b), between substrate induced soil respiration per unit of carbon exuded and mean
plant height (c) and shoot mass (d), and between total soil microbial respiration and total amount of carbon exuded (e) and induced respiration per unit of
carbon exuded (f). Different symbols highlight data from genotypic monocultures or mixtures of four genotypes per pot; lines represent partial regression
lines and shaded areas represent the 95% confidence intervals.
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of populations, species and environmental conditions is required
to test this hypothesis.
We detected positive effects of plant genotypic diversity on lit-
ter decomposition and root exudation, which could be expected
to have a positive effect on nutrient cycling and hence plant pro-
ductivity. Indeed, we found a trend towards a positive biodiver-
sity effect on biomass production in the litter decomposition
experiment but not in the experiment designed to quantify rhi-
zodeposition (Fig. S4). Firstly, positive biodiversity effects are
known to strengthen with time and may not be detectable in
short-term experiments (Meyer et al., 2016). Secondly, the posi-
tive effects on nutrient cycling may not necessarily translate into
higher biomass production as nutrients may be directed towards
other functions, such as defence, storage or seed production.
Consistent with previous meta-analyses of the effects of cultivar
mixing on crop yields (Kiaer et al., 2009; Barot et al., 2017), we
observed wide variation in biodiversity effects between genotypic
mixtures, including negative effects (Fig. S4). Such effects indi-
cate that additional processes such as dilution of specialist
pathogens or spillover of generalist pathogens in genotypic mix-
tures may have operated in our experiment, causing positive and
negative biodiversity effects, respectively (Power & Mitchell,
2004; Eisenhauer, 2012). The lack of significant biodiversity
effects in Expt 2 was expected as the absence of soil and microbial
communities in the growth substrate precluded positive feedback
between enhanced root exudation and nutrient cycling.
In agreement with recent studies across plant species (Lange
et al., 2015; Mellado-Vazquez et al., 2016; Steinauer et al., 2016),
root exudation represents an important but poorly explored link
between plant diversity and soil functioning. Our study reveals
multiple pathways by which plant genotypic diversity and com-
position can influence root exudation and soil microbial activity.
Importantly, while soil processes are influenced by belowground
plant traits (Bardgett et al., 2014; Legay et al., 2014; Thion et al.,
2016), our study points to close links between root exudation
and aboveground plant traits related to light acquisition strategy
and the efficiency of carbon fixation. Such links are expected, as
photosynthesis is the ultimate source of carbon that fuels below-
ground processes. However, our understanding of factors that
drive variation in root exudation strategies is still very limited
(Guyonnet et al., 2018; Dietz et al., 2019; Williams et al., 2021),
particularly at the genotype level, and further research is war-
ranted to integrate root exudation traits into the general frame-
work of plant life history and resource acquisition strategies.
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